Feedback control is a key mechanism in signal transduction, intimately involved in regulating the outcome of the cellular response. Here, we report a novel mechanism by which PHLDA1, Pleckstrin homology-like domain, family A, member 1, negatively regulates ErbB receptor signaling by inhibition of receptor oligomerization. We have found that the ErbB3 ligand, heregulin, induces PHILDA1 expression in MCF-7 cells. Transcriptionallyinduced PHLDA1 protein directly binds to ErbB3, whereas knockdown of PHLDA1 increases complex formation between ErbB3 and ErbB2. To provide insight into the mechanism for our timecourse and single-cell experimental observations, we performed a systematic computational search of network topologies of the mathematical models based on receptor dimer-tetramer formation in the ErbB activation processes. Our results indicate that only a model in which PHLDA1 inhibits formation of both dimers and tetramer can explain the experimental data. Predictions made from this model were further validated by single-molecule imaging experiments. Our studies suggest a unique regulatory feature of PHLDA1 to inhibit the ErbB receptor oligomerization process and thereby control the activity of receptor signaling network.
The ErbB receptor signaling pathway plays important roles in a variety of physiological processes in mammalian cells, and its dysregulation is frequently associated with development of human cancers (1) . Therefore, a system level understanding of the ErbB signaling network is important for uncovering the regulatory mechanisms of disease progression. The ErbB receptors, EGFR 5 (ErbB1), ErbB2, ErbB3, and ErbB4, are activated by ligand binding and trans-phosphorylated through their homoand heterodimerization. Ligand-stimulated, tyrosine-phosphorylated receptors recruit adaptor proteins and effector kinases. This signal transduction cascade subsequently activates extracellular signal-regulated kinase (ERK) and Akt, which turn on the transcriptional program (2) (3) (4) (5) (6) . At present, there are 13 known ErbB ligands, including epidermal growth factor (EGF) and heregulin (HRG) (7) . The combination of those ErbB ligands and receptors enables this signaling pathway to evoke a wide range of quantitatively different responses. The potency and duration of ErbB signaling responses are also controlled by feedback mechanisms. EGF-activated EGFR is rapidly internalized from the cell surface and decreased in abundance by ubiquitination (8, 9) . The activity of EGF-activated ERK is decreased by Raf-1 negative feedback (10) . Negative feedback regulation mediated by post-translational modifications rapidly attenuates the input signal and thus induces transient responses.
There is an additional class of transcriptionally-inducible negative feedback regulators in ErbB signaling pathways. Such examples include Mig6 and dual specificity MAPK phospha-tase, which are induced upon receptor activation to suppress EGFR and ERK activities, respectively (11, 12) . In general, in contrast to the rapid feedback regulation mediated by posttranslational modification of signaling proteins, transcriptionally-induced negative regulators modulate signaling activity on a longer time scale, intimately crucial consequences for the time-dependent process of cellular transitions.
Pleckstrin homology-like domain, family A, member 1 (PHLDA1), has been implicated in the regulation of cell death (13) and suppression of metastasis (14) , and its mRNA expression is often reduced in human cancers (15) . PHLDA2 and PHLDA3, other PHLDA family proteins, were known to attenuate oncogenic PI3K-Akt activity (16, 17) . PHLDA1 is one of the early response genes in growth factor-stimulated cells (18 -20) . Although PHLDA1 has been reported to be a negative regulator of ErbB-signaling pathways and significantly enhances the sensitivity of ErbB2-positive breast cancer cells to lapatinib (21) , it has not been demonstrated how PHLDA1 regulates ErbB signaling at a network level. In this study, we have found using liquid chromatography-mass spectrometry (LC/ MS) that PHLDA1 targets ErbB3 and thereby inhibits phosphorylation of ErbB receptors in HRG-stimulated MCF-7 cells. Although these experimental results suggest a role for PHLDA1 in negative regulation of the receptors, single-cell data have shown that the expression of PHLDA1 and phospho-ErbB2 are positively correlated, even at the time when phosphorylation of ErbB2 is attenuated and PHLDA1 expression is increased. These results suggested a complex inhibitory mode of PHLDA1 in ErbB receptor activation. Mathematical models, including ErbB receptor activation processes such as dimerization, phosphorylation, and tetramer formation with different inhibitory modes of PHLDA1, demonstrated that only a model containing inhibition of both dimer and tetramer formation could explain the experimental data. Live cell single-molecule imaging analysis demonstrated that ligand-receptor interactions closely mimicked the computational predictions. Our study suggests that PHLDA1 inhibits higher-order oligomerization of the ErbB receptor via a transcriptionally-induced feedback mechanism.
Results

PHLDA1 induced by HRG stimulation modulates the ErbB receptor signaling pathway
We first used qRT-PCR to examine time-course mRNA expression of the PHLDA family genes, PHLDA1, PHLDA2, and PHLDA3, in HRG-stimulated MCF-7 cells ( Fig. 1A) . Expression of PHLDA1 mRNA increased about 30-fold after HRG ligand stimulation, with a peak maximum at 120 min. PHLDA2 mRNA showed a sustained increase, but the amount of PHLDA3 mRNA was not increased by HRG. Expression levels of PHLDA1 and PHLDA2 were more increased by HRG compared with EGF. We tested several kinase inhibitors, U0126 (a mitogen-activated protein kinase/extracellular signal-regulated kinase kinase inhibitor), wortmannin (a PI3K inhibitor), and trastuzumab (an ErbB2 inhibitor), to identify the induction pathways using a microarray platform ( Fig. S1 ). As a result, expression of PHLDA1 was suppressed by all three inhibitors. As shown in Fig. 1B , U0126 and the Akt inhibitor VIII, a specific inhibitor targeting Akt1 and -2, decreased the induction of PHLDA1 mRNA at 2 h after HRG stimulation. These results suggest that PHLDA1 mRNA induction is dependent on both Ras-ERK and PI3K-Akt pathways. These pathways also affected PHLDA1 protein levels at 3 h after HRG stimulation (Fig. 1C , quantification values are shown in Fig. S2 ). PHLDA1 mRNA expression induced by HRG is suppressed by the protein synthesis inhibitor cycloheximide (CHX) ( Fig. 1D ) and siRNA targeting c-FOS ( Fig. 1E ) as well, suggesting that de novo synthesis of the c-FOS transcription factor is necessary prior to PHLDA1 mRNA expression. We confirmed that c-FOS knockdown decreased the induction of PHLDA1 proteins (Figs. 1F and Fig.  S3 ). In contrast, PHLDA1 siRNA moderately increased phosphorylation of ErbB receptors, Akt (Thr-308 and Ser-473) and ERK ( Fig. 1G ). Among the molecules we analyzed for phosphorylation, ErbB2 was most affected (1.8 times higher than the control), and the phosphorylation of EGFR, ErbB2, and ErbB3 was significantly up-regulated by PHLDA1 knockdown (p Ͻ 0.05, Welch's statistical test, Fig. S4 ). Consistent with the above findings, PHLDA1 overexpression inhibited phosphorylation of ErbB2, Akt, and ERK in the plasma membrane fraction with statistical significance ( Fig. 1H and Fig. S5 ), implying that PHLDA1 is responsible for negative regulation of the ErbB signaling pathway.
HRG titration experiments under conditions where PHLDA1 was overexpressed showed that its inhibitory effect on ErbB2 phosphorylation was only significant at higher HRG concentrations ( Fig. S6A ). Overexpression of PHLDA1 suppressed ErbB2 phosphorylation at higher ligand doses but did not affect the EC 50 (4.1 nM in control and 6.0 nM in PHLDA1 overexpression conditions) ( Fig. S6A ). This non-competitive inhibitory profile indicates that PHLDA1 may indirectly inhibit ErbB2 phosphorylation by modulating unknown regulatory molecules or by inducing conformational changes but not by competing with ErbB2 kinase activity. A similar phenomenon was also observed with cells that were first treated with 1 nM HRG for 180 min followed by a second treatment with different amounts of HRG ( Fig. S6B ). These results suggest that the ErbB signaling network is negatively regulated by mechanisms that at least in part include PHLDA1. From the current experimental results (Fig. 1 , G and H, and S6A) and our previous study (18) , we concluded that 10 nM HRG is sufficient to induce phosphorylation of ErbB2 and expression of PHLDA1 for the following experiments.
PHLDA1 negatively regulates ErbB2 through interaction with ErbB3
Next, to further clarify the inhibitory mechanism of PHLDA1 on ErbB activation, we investigated PHLDA1-binding partners using LC/MS. Immunoprecipitates of HRG-stimulated MCF-7 samples using an anti-PHLDA1 antibody contained proteins such as ErbB3, TP53, PLCG1, and PIK3R1, -2, or -3 (PIK3R1/ 2/3) with ErbB3 having the highest score ( Fig. 2A) . The ErbB3-PHLDA1 interaction was further confirmed by co-immunoprecipitation (co-IP) and immunoblot analysis ( Fig. 2B ). In this experiment, less ErbB3 is immunoprecipitated under HRGstimulated conditions, which may be due to modification of the antibody recognition site on ErbB3. Association between PHLDA1 and ErbB3 was also observed in an earlier study (22) . Therefore,wehypothesizedthatPHLDA1mightinterruptphosphorylation of ErbB receptors by binding to ErbB3.
PHLDA1 inhibits ErbB receptor oligomerization
HRG is a growth factor that preferentially binds to ErbB3 and ErbB4 receptors and induces strong phosphorylation of the ErbB2 receptor through receptor heterodimerization (23) . In MCF-7 cells, it is thought that the main partner of ErbB3 in the heterodimer is ErbB2, because ErbB4 is only weakly expressed (24, 25) . We therefore examined whether the amount of PHLDA1 expression affects the interaction between ErbB3 and phosphorylated ErbB2 at 5 and 180 min after HRG stimu-lation, when phosphorylation of the ErbB receptor reaches its peak maximum and when the cells show a sufficient amount of PHLDA1 expression, respectively. As a result, knockdown of PHLDA1 increased the interaction between ErbB3 and phospho-ErbB2 as well as the interaction ErbB3 and ErbB2 after HRG stimulation at both 5 and 180 min (Fig. 2 , C and D), whereas overexpression of PHLDA1 decreased this interaction (Fig. 2, E and F) . These results suggest that PHLDA1 affects not only the amount of phosphorylated ErbB receptor but also the amount of ErbB receptor oligomers containing both ErbB2-ErbB3 association. We also confirmed the effect of PHLDA1 The blue line shows the cells stimulated with HRG, and the red line shows stimulation with EGF. Data were normalized so that the non-stimulated condition is designated as 1. B, effect of U0126 (10 M) and Akt inhibitor VIII (5 M) on PHLDA1 induction at 2 h after HRG stimulation. Data were normalized so that the HRG-stimulated condition is designated as 1. C, effect of U0126 (10 M) and Akt inhibitor VIII (5 M) on PHLDA1 protein induction at 3 h after HRG stimulation. The blotting-determined PHLDA1 levels are shown in Fig. S2 . D, effect of cycloheximide (CHX) (10 g/ml) on PHLDA1 mRNA induction at 2 h after HRG stimulation. Data normalization was done the same way as in B. Ctrl, control. E and F, effect of c-FOS siRNA on PHLDA1 mRNA (E) and protein (F) expression levels. E, data were normalized so that the highest value in all conditions is designated as 1. G, effect of PHLDA1 knockdown on ErbB receptor signaling. After transfection of PHLDA1 or control siRNA, MCF-7 cells were stimulated with 10 nM HRG for the indicated time periods and subjected to Western blotting. The digital values were annotated under each lane. The band intensities of phosphorylated proteins were quantified by dividing the total protein, and the band intensities of PHLDA1 were quantified by dividing ␣-tubulin. Then the values were normalized so that the value of the siCtrl sample with HRG treatment for 1 h is designated as 100. The values that have statistical significance are presented in boldface. H, effect of PHLDA1 overexpression on the plasma membrane fraction. After vector transfection, MCF-7 cells were stimulated with 10 nM HRG for 5 min. 
knockdown on receptor dimerization by using proximity ligation assay (PLA). PLA is a technology that enables detection of protein-protein interaction, similar to a colocalization analysis in immunostaining, and it can be applied for detection of ErbB receptor complex formation (26, 27) . In this assay, bright fluorescent puncta can be detected only when two antibodies recognizing ErbB3 and phospho-ErbB2 are in proximal regions (i.e. these proteins form a complex). We found that knockdown of PHLDA1 increases complex formation between phosphorylated ErbB2 and total ErbB3 proteins after HRG stimulation ( Fig. 2, G and H) . Overall, these data support the hypothesis that PHLDA1 negatively regulates the transactivation of ErbB2 receptor through interaction with ErbB3.
Despite its negative regulatory role, PHLDA1 expression positively correlates with ErbB2 phosphorylation at a single-cell level
ErbB receptor signal response in MCF-7 cells is heterogeneous across cell populations (28, 29) , and the amount of PHLDA1 expression is moderate. Therefore, it is necessary to 
PHLDA1 inhibits ErbB receptor oligomerization
quantitatively assess the activation status of the ErbB-signaling pathway and PHLDA1 expression at a single-cell level to confirm the inhibitory function of PHLDA1.
We obtained the averaged single-cell time course of PHLDA1 expression and phosphorylation of ErbB2, ERK, and Akt using immunofluorescence-based imaging cytometry (Fig. 3, A and  B) . These data are consistent with mRNA expression and Western blotting data obtained from bulk cell experiments ( Fig. S8 ). Cell population average behaviors of the same molecules in the PHLDA1 knockdown condition are also consistent with the Western blotting data (Figs. 1G and 3C and Fig. S4 ). Regardless of the large standard deviation (S.D.) of signal intensities in each cell population (because these values are dependent on sample size; in our experiments Ͼ1,500 cells in each condition), statistical analysis supported the hypothesis that the amount of phospho-ErbB2, phospho-ERK, and phospho-Akt in control and PHLDA1 knockdown conditions are statistically different (p value Ͻ1.0 ϫ 10 Ϫ20 , Welch's statistical test). The coefficient of variation (CV) is one of the indexes for evaluating cell-to-cell variability in a population. The CV of PHLDA1 decreased over time while its expression is increased (Fig. 3D ). Knockdown of PHLDA1 increased the CV of phospho-ErbB2, although it 
did not significantly affect those of phospho-Akt and phospho-ERK at 180 min after HRG stimulation ( Fig. 3E ). Thus, elimination of PHLDA1 from the ErbB network resulted in increased cell-to-cell variation in phospho-ErbB2.
Mean expression levels of PHLDA1 and phospho-ErbB2 per cell at each time point (see "Mean expression level per cell" under "Experimental procedures" for details) (Fig. 3F ) indicated that the mean expression level of PHLDA1 increased along with decreased phospho-ErbB2 levels (rank correlation ϭ Ϫ0.82) indicating that PHLDA1 negatively affects the phosphorylation of ErbB2 after HRG stimulation. However, despite these data, in individual cells the PHLDA1 expression level positively correlated with the phospho-ErbB2 expression level at each time point (Fig. 3, G and H) . We confirmed that this positive correlation was not due to an artificial effect of the phosphorylated ErbB2-specific antibody (Fig. S9 ). To explain this discrepancy, we therefore hypothesized that PHLDA1 might not directly inhibit receptor phosphorylation but instead might inhibit other steps in the ErbB receptor activation processes, for example, formation of receptor dimers and oligomers. Indeed, several studies have demonstrated the existence of higher-order ErbB receptor oligomers (30 -33) . Moreover, an earlier study suggested that tetramer formation between ErbB2 and ErbB3 is functionally important for potent signal transduction (34) . Therefore, we further examined the effect of PHLDA1 on activation of ErbB receptors, including higher-order oligomer formation.
Prediction of the PHLDA1 inhibition mode using simple mathematical models
To identify the inhibitory mode of PHLDA1 in HRG-induced ErbB receptor activation processes, we constructed six simple mathematical models to explore network topology that can explain our experimental data. For simplification purposes, the models are described in a way such that phosphorylated ErbB heterodimers and tetramers directly induce PHLDA1 expression. In the model, we considered that the main population of HRG-binding ErbB receptors in MCF-7 cells, termed HRGR, is ErbB3, because its amount is about 70 times higher than ErbB4 (25) . Based on an earlier study (34) , the models include the formation of tetramers composed of the orphan receptor ErbB2 and HRGR complexes (Fig. 4A) . The ErbB receptor activation scheme is described as follows: 1) formation of inactive heterodimers between ErbB2 and HRGR prior to HRG stimulus; 2) binding of HRG to HRGR, both monomers and heterodimers; 3) formation of heterodimers between ErbB2 and HRG-bound HRGR (ErbB2/HRGR); 4) phosphorylation of ErbB2/HRGR; and 5) formation of tetramers consisting of two phosphorylated ErbB2/HRGR. For the PHLDA1-mediated regulation, six types of inhibitory modes are considered as follows: model M0, no inhibition from PHLDA1 to HRGR activation; model M1, inhibition of the 1st and 3rd reaction steps; model M2, inhibition of the 4th reaction step; model M3, inhibition of the 5th reaction step; model M4, inhibition of the 1st, 3rd, and 5th reaction steps; and model M5, inhibition of the 1st, 3rd, and 4th reaction steps (Fig. 4A , see Tables S1 to S5, and supporting Methods for details of the models). We performed stochastic simulation of each model using experimentally obtained CVs of ErbB2, ErbB3, and PHLDA1 expression ( Fig. 3D) . The averaged dynamics of phospho-ErbB2 and PHLDA1 (Figs. 3B and 4B), in addition to time courses of CVs of ErbB2, ErbB3, and PHLDA1 proteins (Figs. 3D and 4C) in all models and the experimental data, were consistent with each other. However, model M3 was excluded from the network candidates because the peak intensities of phosphorylated ErbB2 were down-regulated in models M1, M2, M4, and M5 relative to PHLDA1, which is consistent with the data, but not in model M3 (Figs. 1, G and H, and 4D ).
Next, we calculated rank correlation coefficients between PHLDA1 and phosphorylated ErbB2 in the models to evaluate the single-cell experimental data. The analysis revealed that the models that contain PHLDA1 inhibition of dimer formation or phosphorylation tend to show negative correlation coefficients (such as model M2 where PHLDA1 inhibits dimer phosphorylation) (Fig. 4E) . In contrast, the models containing inhibition of tetramer formation show positive correlation coefficients (model M3) (Fig. 4E ). Those inhibitory effects seemed to be additive because model M4 (in which PHLDA1 inhibits dimer and tetramer formation) showed a positive correlation, and model M5 (in which PHLDA1 inhibits both dimer formation and phosphorylation) showed a negative correlation. Thus, we hypothesized that the correlation coefficients between PHLDA1 expression and phospho-ErbB2 could be modulated by the PHLDA1-mediated inhibition of receptor oligomerization. Thus, only model M4 could satisfy our experimental observations ( Figs. 3G and 4E ) and the apparently contradictory experimental data (Figs. 1G and 3H) .
Model with inhibition of receptor oligomerization could account for single-cell signal response
To confirm that the simple topological model of M4, in which PHLDA1 inhibits the higher-order oligomerization of ErbB receptors, quantitatively reflects the pathway response, we constructed a detailed mathematical model of the entire ErbB signaling pathway, including downstream Ras-ERK and PI3K-Akt modules and c-FOS-mediated PHLDA1 induction (Fig. 5A) . A detailed scheme of our model is described in the supporting Methods and Tables S6 -S9. The kinetic parameters in the model were fitted to account for the average time course of phospho-ErbB, phospho-ERK, phospho-Akt, and PHLDA1 obtained from single-cell experiments (Fig. 5B ). We performed stochastic simulations with cell-to-cell variability using experimentally obtained CVs of ErbB2, ErbB3, ERK, Akt, and PHLDA1 (Fig. 3D) . The resulting simulations reproduced the heterogeneous responses of those molecules at a single-cell level (Fig. 5C ). As shown in Fig. 5D , the mean expression level of PHLDA1 per cell increased with decreasing phosphorylated ErbB2 as well as in the experimental results (Fig. 3F) . In addition, the time-course pattern of rank correlation between phosphorylated ErbB2 and PHLDA1 calculated from simulation results reasonably fitted that observed experimentally (Fig. 5E ). Thus, our simulation results suggested that a mechanism in which PHLDA1 inhibits ErbB2-ErbB3 oligomer formation can explain the experimentally observed time-course profiles of the receptor, Akt and ERK, activities suppressed by transcriptionally-induced PHLDA1 and their single-cell positive correlation.
PHLDA1 inhibits ErbB receptor oligomerization
Single-molecule imaging of HRG-HRGR complexes confirmed that PHLDA1 modulates the amount of higher-order ErbB receptor oligomers
To experimentally test the model-driven hypothesis that PHLDA1 inhibits oligomerization of ErbB receptors, we examined the association of fluorescent-labeled HRG (carboxytetramethylrhodamine (TMR)-HRG) with ErbB receptors on the apical surface of living MCF-7 cells using oblique illumination fluorescence microscopy ( Fig. 6A) (35) . A fluorescent spot emitted by a single TMR-HRG molecule detected in this experiment indicates the presence of either an HRG-bound ErbB3 monomer or a heterodimer between HRG-bound ErbB3 and an unliganded partner such as ErbB2 (Fig. 6B, middle complexes) . Otherwise, a fluorescent spot whose intensity indicates more than one TMR-HRG molecule suggests the existence of an ErbB heterooligomer containing at least two HRG-bound ErbB3 receptors and a heterooligomeric partner such as ErbB2 (Fig. 6B, right complexes) . Although it is thought that HRGbound ErbB3 cannot form a homodimer (36), a few studies have suggested that this is a possibility (37, 38) . However, it is still unclear whether the direct interaction of HRG-bound ErbB3 homodimers exists and functions as a signal initiator in MCF-7 cells; therefore, we did not take the ErbB3 homodimer into consideration in our model. In our experiments, we could quantify the amount of higher-order ErbB receptor oligomers that contain at least two ErbB3 molecules, which may possibly include an HRG-bound ErbB3 monomer and a heterodimer between HRG-bound ErbB3 and ErbB2. Using this approach, we could predict the degree of ErbB receptor association by measuring the fluorescent intensity of each spot and then calculate the ratio of ErbB higher-order oligomers to the total number of HRG-bound ErbB receptors. Knockdown of PHLDA1 increased this ratio (Fig. 6C , the ratio of 2-6 HRG-bound ErbB receptors per all HRG-bound ErbB receptors) and decreased the fraction of both liganded monomer and heterodimer (Fig.  6C , the ratio of one HRG-bound ErbB receptor per all HRGbound ErbB receptors; summarized in Fig. 6D ). Consistent with the above, overexpression of PHLDA1 decreased the ratio of ErbB higher-order oligomers and increased the ratio of both liganded monomers and heterodimers (Fig. 6, E and F) . These 
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experimental data confirm our modeling studies and indicate that PHLDA1 indeed modulates ErbB receptor oligomer formation in MCF-7 cells.
Knockdown of PHLDA1 accelerates differentiation of MCF-7 cells
Finally, we examined the biological function of PHLDA1 in the MCF-7 system. In a previous study, it was shown that HRGstimulated MCF-7 cells undergo cellular differentiation as indicated by lipid accumulation (18, 39) . We confirmed that HRG treatment induced lipid accumulation (Fig. 7A) , and this process was accelerated by knockdown of PHLDA1 (Fig. 7B) . Thus, our data indicate that PHLDA1 negatively controls cell differentiation through inhibition of ligand-dependent ErbB receptor activation.
Discussion
Our study revealed that PHLDA1 is transcriptionally induced by HRG-mediated ErbB receptor activation via the Ras-ERK and PI3K-Akt pathways, and it inhibits oligomerization of ErbB2-ErbB3 receptors, suppressing their downstream signaling. Using a proteomics approach, we detected several proteins, including TP53, PLCG1, and PIK3R1, -2, and -3, in addition to ErbB3, as PHLDA1-binding proteins ( Fig. 2A) . PIK3R1, also called p85, is known as a PI3K regulatory subunit, and it binds to ErbB3 when the ErbB receptor complex is activated. Therefore, the binding of p85 to ErbB3 can be detected via PHLDA1-ErbB3 binding. To date, a number of reports have demonstrated that PHLDA1 has both pro-and anti-tumorigenic function, depending on the cellular context. PHLDA1 was first identified as a modulator of T cell apoptosis (13) . Later, it was found that PHLDA1 is responsible for regulation of apoptosis, autophagy, and chemotaxis in normal tissues as well as several types of cancer (14, 15, 40 -42) . In contrast, PHLDA1 is overexpressed in human tumors and contributes to cell migration and tumorigenesis (43, 44) . In our analysis, PHLDA1 knockdown accelerated HRG-mediated differentiation of MCF-7 cells, as manifested by accumulation of lipid droplets (Fig. 7) , in a manner similar to that previously suggested for 3T3-L1 cells (45) . Therefore, the role of PHLDA1 in cell differentiation seemed to be inhibitory.
From a systems biology point of view, as a transcriptionallyinducible negative feedback regulator, PHLDA1 has functions in common with other inducible feedback inhibitors, such as MIG6, SOCS4, and SOCS5, in EGFR signaling. For example, MIG6 is transcriptionally induced by EGFR activation and directly and specifically binds to the active form of the EGFR kinase domain (46) . However, because PHLDA1 inhibits ErbB receptor oligomer formation, the inhibitory mechanisms of 
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MIG6 and PHLDA1 to attenuate the pathway are distinct from each other. These studies indicate that multilayered negative feedback mechanisms cooperate to ensure the suppression of ErbB receptor activity. In general, a negative feedback mechanism can increase the signal-to-noise ratio in system output by decreasing cell-to-cell variation (47) . Our results showed that PHLDA1 also functions to suppress cell-to-cell variability of phospho-ErbB2 (Fig. 3E ). In this study, we demonstrate that whereas ErbB2 phosphorylation is a crucial step in pathway activation, measuring its average value in a population of cells is not sufficient for predicting regulatory mechanisms of pathways. Our mathematical analysis together with quantitative single-cell analysis proved to be a useful combination for identifying the novel function of this novel signal regulator. 
Experimental procedures
Cell culture, treatment, and fractionation
Cultivation of the MCF-7 cell line and stimulation with growth factors were performed as described previously (48) . For inhibitor assays, U0126, Akt inhibitor VIII (Merck Millipore, Billerica, MA), and cycloheximide (Nacalai Tesque, Kyoto, Japan) were added 20 min prior to HRG stimulation. For preparation of total cell lysate, cells were lysed with Bio-Plex lysis buffer (Bio-Rad) after cell treatment and were centrifuged at 12,000 ϫ g for 15 min. The supernatant was used as the total cell lysate fraction. For preparation of the plasma membrane fraction and the corresponding cytosol fraction, a protocol earlier described by Dunn and Connor (49) was used.
Gene silencing with siRNA
Reverse transfection was performed by using Hiperfect reagent (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Trypsinized MCF-7 cells were resuspended in antibiotic-free medium and then mixed with a suspension of Opti-MEM (Thermo Fisher Scientific, Grand Island, NY) containing 10 nM siRNA and Hiperfect reagent in 100-mm dishes (for membrane fractionation and co-IP), 12-well plates (for Western blotting), or 96-well plates (for immunostaining). SMARTpool ON-TARGETplus siRNA targeting PHLDA1 (L-012389-00) and c-FOS (L-003265-00), and ON-TARGETplus Non-targeting Pool (D-001810-10) were purchased from Dharmacon (GE Healthcare).
Gene overexpression
MCF-7 cells were seeded at 3 ϫ 10 6 cells per 100-mm dish. After overnight incubation, cells were transfected with 5 g of expression vector using Lipofectamine LTX and Plus Reagent (Thermo Fisher Scientific) in Opti-MEM according to the manufacturer's protocol. After 48 h, cells were starved for 16 h in serum-free Dulbecco's modified Eagle's medium, then stimulated with 10 nM HRG for the designated periods, harvested, and then lysed for assays.
Western blot analysis
Protein phosphorylation and total proteins were analyzed as described previously (48) . Antibodies specific for the following proteins were purchased: ErbB3 (sc-285), ErbB4 (sc-283), and PHLDA1 (sc-23866) from Santa Cruz Biotechnology (Santa Cruz, CA); phospho-Akt (Ser-473, no. 9271), phospho-Akt (Thr-308, no. 2965), pan-Akt (40D4, no. 2920), phospho-EGFR (Tyr-1068, no. 2234), phospho-ErbB2 (Tyr-1221/1222, no. 2249), phospho-ErbB3 (Tyr-1289, no. 4791), phospho-ErbB4 (Tyr-1284, no. 4757), phospho-ERK1/2 (Thr-202/Tyr-204, no. 4370), ErbB2 (no. 2165), and ERK1/2, (no. 9102) from Cell Signaling Technology (Beverly, MA); ␣1 sodium potassium ATPase (ab7671) and ␣-tubulin (ab15246) from Abcam (Cambridge, MA); and EGFR (20-ES04) from Fitzgerald (North Acton, MA). Blots show representative results from one of at least three independent experiments. After Western blotting, protein band intensities were quantified using ImageJ software.
qRT-PCR
cDNA synthesis was done by using ReverTra Ace (TOYOBO, Osaka, Japan). Equivalent volumes of cDNA were used for all PCRs, which were performed using KOD SYBR qPCR Mix (TOYOBO) in the Thermal Cycler Dice Real Time System TP800 (Takara Bio, Otsu, Japan). The standard curve method was used to determine relative quantification of mRNA abundance with technical triplicates. For normalization of the qRT-PCR data, GAPDH expression was used as a control. Primers designed for PHLDA1 (PPH10228B) and PHLDA3 (PPH15380B) were purchased from Qiagen. The other primers designed for quantitative real-time RT-PCR analysis were as follows: PHLDA2, 5Ј-aatcacttggccagtttgct-3Ј and 5Ј-gactggatgagggtgtcctg-3Ј; c-FOS, 5Ј-ctaccactcacccgcagact-3Ј and 5Ј-aggtccgtgcagaagtcct-3Ј; and GAPDH, 5Ј-caaagttgtcatggatgacc-3Ј and 5Ј-ccatggagaaggctgggg-3Ј.
Co-immunoprecipitation and LC/MS analysis
MCF-7 cells were washed on ice with ice-cold PBS twice and then collected in a lysis buffer containing 150 mM NaCl, 50 mM Tris-HCl (pH 7.5), 2 mM EDTA, 1% Nonidet P-40, supplemented with Complete protease inhibitor mixture and Phos-STOP phosphatase inhibitor mixture (Roche Diagnostics, Basel, Switzerland). Lysates were incubated for 15 min on ice and then centrifuged at 12,000 ϫ g for 15 min at 4°C. Supernatants containing the proteins were transferred into new micro tubes, and then 10 l of beads and antibody were added to each tube. Protein G-agarose (Thermo Fisher Scientific) and PHLDA1 antibody (sc-23866, Santa Cruz Biotechnology) were used for LC/MS analysis to detect PHLDA1-binding partners, and ErbB3 antibody (sc-73964, Santa Cruz Biotechnology) was used for detecting interaction between ErbB3 and ErbB2. The supernatant was incubated for 1 h (for LC/MS) at 4°C. After incubation, the beads were washed three times with a detergent-free lysis buffer and then subjected to further experimental analysis. LC/MS analysis was performed as described previously (50) .
Proximity ligation assay
MCF-7 cells were seeded in 96-well plates, and the following day, cells were exposed to serum-free medium for 16 h. Then the cells were stimulated with HRG for 5 min, fixed with icecold MeOH for 5 min, and blocked blocking buffer (10% fetal bovine serum in Blocking ONE (Nacalai Tesque)). After blocking, cells were incubated with a combination of primary antibodies (against phospho-ErbB2 (06-229, Millipore) and ErbB3 (sc-81455, Santa Cruz Biotechnology)). Subsequent hybridization and ligation of PLA probes, amplification, and detection were performed using the manufacturer's instruction (Sigma). Fluorescence images were obtained using InCell Analyzer 2000 (GE Healthcare), and quantification of puncta was done using Developer toolbox software (GE Healthcare).
Immunostaining and imaging cytometry
MCF-7 cells were seeded at a density of 1 ϫ 10 4 cells/well in 96-well plates for fluorescent imaging. The following day, culture medium was replaced with serum-free medium. After 16 h,
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cells were stimulated with HRG for the indicated period, fixed with 4% paraformaldehyde in PBS, and permeabilized with 0.1% Triton X-100 in PBS for 5 min. After washing with PBS, the cells were incubated in blocking buffer for 1 h and then stained with primary antibody at 4°C. The next day, the cells were stained with fluorescent-labeled secondary antibodies (Dylight488anti-mouse IgG and Dylight550-anti-rabbit-IgG, Thermo Fisher Scientific), and then stained with DAPI for detecting nuclei. Fluorescence images were obtained using InCell Analyzer 2000 (GE Healthcare), and image analysis was done using Developer tool software. The signal intensity of the protein expression at each time point was normalized to the average intensity of the value at time 0 (the average intensity at time 0 was set as 1). The signal intensity of each phosphorylated protein was normalized in the same way, and then the normalized intensity at time 0 was subtracted from that at each time point (the average intensity at time 0 was set as 0). Error bars denote the S.D. of signal intensities in a cell population. Here, n i is the number of cells with the protein expression level e i within i-th bin. We used 50 bins to perform the calculations, using the corresponding histograms of the numbers of cells with the expression intensity within each bin. The supporting information shows that the influence of the bin size on the calculated values vanishes if the number of bins is over 20 (Fig.  S10A ). Using M(t), Spearman's rank correlation coefficient between phospho-ErbB2 and PHLDA1 was calculated. Note that to compare our experimental data with simulation results, the data at time 0 were removed. This is because basal expression of phospho-ErbB2 is not considered in our mathematical model.
Mean expression level per cell
Mathematical modeling
We developed two types of mathematical models, the simple and the expanded models. The simple model was developed to simulate the regulation between ErbB and PHLDA1, and the expanded model was developed to simulate the entire ErbBsignaling pathway. The biochemical reactions in both models were described by ordinary differential equations (Tables S1 and S6), and the simulations were conducted using XPPAUT (51) . The kinetic parameters in the simple model were constrained to satisfy detailed valance. In addition, the kinetic parameters in the expanded model, which reproduce the experimental data (Fig. 3B) , were obtained by the evolutionary algorithm AGLSDC (52) . In this study, cell-to-cell variability was defined as the difference in the signaling protein abundance between the individual cells, which was represented by sampling from log-normal distributed protein concentrations with various CV. Detailed descriptions and the simulation method are described in the supporting Methods.
Single-molecule imaging
The protocol for single-molecule imaging using TMR-labeled HRG has been described previously (35) . In brief, MCF-7 cells were seeded onto glass coverslips. Overnight before the experiments, the culture medium was replaced with Dulbecco's modified Eagle's medium without fetal bovine serum and phenol red. Before the experimental observations, the culture medium was replaced with HBSS, and the coverslip was mounted on a metal culture chamber (Thermo Fisher Scientific), and the cells were observed with an oblique illumination microscope based on a Nikon TE2000 inverted fluorescence microscope. On the microscope, HBSS in the chamber was discarded, and then 600 l of a 6 nM TMR-HRG solution was added. These operations were done at room temperature. Images of single TMR-HRG molecules on the cell surfaces were acquired using an EM-CCD camera (ImageEM; Hamamatsu Photonics, Hamamatsu, Japan) and were analyzed using in-house software.
Oil Red O staining
We slightly modified the previously published method (39) as follows: 0.4 ϫ 10 5 cells/well were seeded in standard 24-well plates. Culture medium was replaced with serum-free medium 24 h prior to stimulation, and cells were stimulated with 10 nM HRG. HRG-containing medium was changed after 2 days. Cells were grown in the constant presence of stimuli for 5 days and then fixed with 4% paraformaldehyde for 1 h. Then cells were washed once with PBS, once with 60% isopropyl alcohol for 5 min, dried completely, and then stained with Oil Red O solution (Sigma) for 10 min. Stained cells were washed with water three times and then stained with a DAPI solution. Fluorescence images were obtained using InCell Analyzer 2000 (GE Healthcare), and image analysis was done to calculate total signal intensities of lipid particles per cell using Developer tool software (GE Healthcare). 
